The characterization of electrocatalytic reactions at individual nanoparticles (NPs) is presently of considerable interest but very challenging. Herein, we demonstrate how simple-to-fabricate nanopipette probes with diameters of approximately 30 nm can be deployed in a scanning ion conductance microscopy (SICM) platform to simultaneously visualize electrochemical reactivity and topography with high spatial resolution at electrochemical interfaces. By employing a selfreferencing hopping mode protocol, whereby the probe is brought from bulk solution to the nearsurface at each pixel, and with potential-time control applied at the substrate, current measurements at the nanopipette can be made with high precision and resolution (30 nm resolution, 2600 pixels m -2 , < 0.3 seconds/pixel) to reveal a wealth of information on the substrate physicochemical properties. This methodology has been applied to image the electrocatalytic oxidation of borohydride at ensembles of AuNPs on a carbon fiber support in alkaline media, whereby the depletion of hydroxide ions and release of water during the reaction results in a detectable change in the ionic composition around the NPs. Through the use of finite element method simulations, these observations are validated and analyzed to reveal important information on heterogeneities in ion flux between the top of a NP and the gap at the NP-support contact, diffusional overlap and competition for reactant between neighboring NPs, and differences in NP activity. These studies highlight key issues that influence the behavior of NP assemblies at the single NP level and provide a platform for the use of SICM as an important tool for electrocatalysis studies.
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The study of catalytic nanomaterials has become an important research area, due to a range of significant real-world applications, as well as fundamental interest. [1] [2] [3] [4] Numerous studies, using ensembles of catalytic nanoparticles (NPs), have revealed that changes in NP shape, size, and structure can significantly affect (electro)catalytic activity, [5] [6] [7] but investigations of activity at the individual NP level are challenging. 8, 9 Among a rather limited set of tools that have been applied for single NP electrochemical characterization, [9] [10] [11] [12] [13] [14] scanning electrochemical probe microscopy (SEPM) techniques are particularly attractive, and can be highly sensitive. 15 In this paper, we demonstrate how a simple glass nanopipette can serve as a powerful and highly sensitive probe of NP size, shape and activity, with a spatial resolution of the order of the probe size (30 nm herein).
Advances in nanoprobe fabrication and characterization procedures [16] [17] [18] have led to significant advances in several SEPMs. The widely used scanning electrochemical microscopy (SECM) technique has recently been applied to electrocatalytic nanomaterials adhered to an electrocatalytically inert support. [18] [19] [20] However, this technique usually operates in a constant plane scanning mode with no positional feedback of the probe with respect to the surface and no topographical information obtained. Alternatively, scanning electrochemical cell microscopy (SECCM) offers integrated probe positional feedback and direct electrochemical measurements and has recently been used for the electrochemical characterization of nanomaterials (e.g. sp 2 carbon nanomaterials 21 and nanoparticles 22, 23 ). When applied in a correlative multi-microscopy approach, 24, 25 it provides a means of directly relating structure (i.e. surface structure/properties) and function (i.e. electrocatalytic activity), at the nanoscale, which is a long term aspiration in electrochemical science and catalysis.
To overcome the lack of positional feedback, SECM has been successfully integrated with other scanning probe techniques such as atomic force microscopy (AFM), 26, 27 scanning ion conductance 5 microscopy (SICM) [28] [29] [30] and scanning tunneling microscopy (STM), 31, 32 as well as using dual redox mediators, 33 to enable electrochemical and topographical images to be obtained. However, making reproducible nanoscale SECM probes is non-trivial and time-consuming, and this can be even more challenging when multi-channel probes are to be employed. 34 Further, the SECM tip response needs to be stable for long time periods and the tip current has to quantitatively detect the reactant, product or intermediates, which becomes more challenging with the intrinsic high diffusion/migration rates at the nanoscale.
SICM is a well-established contactless topographical probe imaging technique, capable of characterizing delicate samples with nanometer scale resolution, using nanoscale glass or quartz probes that can be made very easily and quickly using a laser capillary puller. These probes are filled with electrolyte and a contacting electrode is inserted. [35] [36] [37] [38] There has been significant progress to improve the time resolution of SICM through the use of high bandwidth electrometers and the introduction of versatile scanning regimes. 35, [39] [40] [41] Moreover, SICM has very recently expanded beyond its major use for topographical imaging to become a multifunctional tool capable of elucidating a variety of surface properties, beyond topography. 15, [35] [36] [37] [38] 42 Notably, the ion conductance current is sensitive to changes in the local ionic atmosphere near to surfaces induced by either surface charge 39, 40, 43 or as the result of electrochemical reactions 44 . Since all electrochemical processes result in a change in ionic composition, SICM is potentially a very powerful general probe for visualizing nanoscale electrocatalysis. electrochemical processes and provides a road map for future applications of SICM in this area.
RESULTS AND DISCUSSION
Electrochemical SICM Operating Principles. Salient experimental details are given in a section at the end of the paper, but to understand the approach, it is necessary to outline key features of the SICM protocol developed. The strategy implemented allows a detailed correlation between structure (topography) and function (electrochemical reactivity) at the nanoscale. Figure 1A provides a schematic illustration of the experimental setup. 44 Briefly, electrochemical control of the substrate (working) electrode potential was achieved with a potential Vsub (variable) applied with respect to a quasi-reference counter electrode (QRCE) in the bulk electrolyte/reactant solution, denoted QRCE1, producing the substrate current (Isub). QRCE1 was biased at a potential of -Vtip with respect to ground, for the ion-conductance measurements with the SICM tip, via QRCE2 (at ground) inside a quartz nanopipette (filled with the same solution as the bulk; vide infra). The bias, Vtip, resulted in an ion conductance current (Itip), which was monitored throughout the scanning process and was used to both position the tip above the substrate (i.e. to obtain topographical data) and probe ion fluxes in the vicinity of the surface induced by an electrochemical reaction (i.e. electrocatalytic activity data). A representative TEM image of a nanopipette probe is shown in Supporting Information, Figure S1 . It has an inner diameter of ≈30 nm.
A direct current (DC) hopping mode with self-referencing was implemented. Itip was measured throughout the entire imaging process every 4 s with 129 points averaged to give a data point every 516 s, as the probe was approached from bulk solution to the surface at each lateral position (pixel). 29, 39 When surface charge (double layer) effects are negligible, Itip decreases appreciably as the tip is approached within a distance of about one tip diameter from the surface. 38 This was a reasonable consideration for the studies herein, given the electrolyte concentration, tip/substrate 8 separation and Vsub of 0.00 V vs. Pd-H2 QRCE on approach, which is close to the potential of zero charge of Au at high pH. 45 A feedback threshold, or set point, of Itip corresponding to a decrease of 4.1 % between the bulk and surface was set, and the tip-substrate separation distance on approach estimated from the measured Itip value, which was used in FEM simulations to estimate the actual separation distance (see Supporting Information, Sections S2 and S3). For surfaces that were planar on the scale of the nanopipette probe opening, i.e. over the UME and even over the top of nanostructures, the final Itip value herein, during approach, corresponded to a closest tipsubstrate separation distance of approximately 6 nm, slightly closer to the surface than the target due to the intrinsic response latency of the piezo and control system. 35 This end position of the nanopipette at each approach (z-extension) was used to construct high resolution 3D topographical maps (e.g. Figure 1B , part (1)). It is important to note that SICM approach curves to a curved or tilted surface, e.g. over a NP edge, would yield a different separation distance to those performed over a flat surface. Such a situation is quite rare in an image, but still taken into account in FEM simulations performed, as the working distance is calculated based on the experimental final value of Itip. For clarity, where probe-substrate separation distances are quoted herein, these correspond to the distance, which would be achieved above the top of a nanostructure and planar surface.
Upon detecting the near surface (reaching the target set point), the nanopipette immediately retracted a fixed distance (vide infra), which we call a "small lift-up" (typically 20 nm, but varied in some experiments), a distance at which the measurements of electrochemical activity were obtained ( Figure 1B , part (2) ). This step was implemented to: (i) minimize the impact of the probe on mass-transport at the substrate (i.e. physical blockage of the surface reaction flux by the tip);
(ii) minimize any effects of the electrical double layer on the recorded response, especially when rapidly changing the substrate potential with time (vide infra); while (iii) maintaining high spatial and time resolution for electrochemical image acquisition, by measuring electrocatalytic ion fluxes at sufficiently close distances to the surface (vide infra). The distance between the tip and the substrate during the electrochemical measurement (ds-t) is the sum of the estimated tip distance from the initial approach curve (i.e. 6 nm) and the distance of "small lift-up" set by the operating program.
After lift-up, a potential step of the Vsub was applied after a waiting period of 20 ms. The substrate potential was jumped from Vsub1, where no (electrochemical) reaction occurred at the substrate, to
Vsub2, where the electrocatalytic reaction was "switched on", typically for just 20 ms at each pixel (see Figure 1B , part (3)). This is an advantageous feature of this technique, serving to reduce any possible deterioration in the surface activity that could be caused by prolonged turnover of the reactant on the catalyst surface. 46, 47 For the maps of electrochemical activity presented herein, up to 3136 pixels were recorded, meaning that the reaction was only "on" for about one minute (62.72 seconds). On this timescale, there was typically only 4 % random variation in Isub with respect to the average Isub when the reaction was "on". For the data presentation in the images herein, Itip measured when the substrate reaction was "on" was normalized with respect to Itip when reaction was "off". This is denoted by Itip(Vsub2)/Itip(Vsub1) and referred to as "normalized Itip" throughout.
Itip(Vsub1) was the average value of the last 5 ms at Vsub1 before the step in potential to Vsub2 and Itip(Vsub2) was measured over the last 5 ms of the 20 ms potential step, so as to minimize any influence of non-faradaic (charging) and non-steady state effects at short times. Note that the substrate reaction is not at true steady-state during this period, but tends towards this situation.
Some transient tip current data are also presented, such as in Supporting Information, Figure S2 , which gives an example Itip-time trace, together with the corresponding change in tip-substrate distance and Vsub during a single pixel measurement.
Prior to approach at the next pixel, the nanopipette was rapidly withdrawn into bulk to a distance between 400 nm and 1.2 m, depending on the sample roughness ( Figure 1B , part (4) ] ratio was greater than 4.4, which has been shown to suppress the chemical hydrolysis process, which consumes BH4 -and releases H2. 49, 50 The net reaction for borohydride electro-oxidation is as follows:
where for each BH4 -oxidized, 8 OH -ions are consumed from the electrolyte in an overall 8-electron process. This model inner-sphere reaction is known to be sensitive to the type 46,51 and surface crystallographic orientation of the metal electrode. 7, 52 Additionally, it is worth noting that this reaction is of practical importance, as it is the anodic process in direct borohydride fuel cells. 46, 51 Linear sweep voltammetry in the configuration shown in Figure 1 , performed at an Au ultramicroelectrode (UME) substrate (≈ 10 m, diameter), with Pd-H2 QRCE1, showed the characteristic BH4 -electro-oxidation response expected in alkaline media ( Au, passivating the surface and "switching off" the BH4 -oxidation reaction, resulting in a rapid decrease in current with the ongoing anodic potential scan. 53, 54 As the voltage was swept further 13 positive (from 1.4 V to 1.8 V), the substrate current again began to slowly increase, attributable to the gradual formation of an AuOx multilayer. 55 Itip was also monitored simultaneously during the voltage sweep at two different tip electrode potential biases (QRCE2), Vtip, with respect to QRCE1. For this purpose, a nanopipette was centered on the Au electrode with ds-t of 26 nm (Figure 2A and B, blue and red solid lines). When the QRCE2 (in the tip) was biased positively at 0.15 V (relative to QRCE1 in bulk) throughout the substrate voltage sweep, Itip was found to be extremely sensitive to the substrate electrochemical reaction ( Figure 2A ). The consumption of OH -at the Au substrate leads to a significant change in ionic strength near the surface that is manifested as a decrease in normalized Itip, which tracks the changes in Isub very faithfully. In contrast, when the tip was biased negatively at -0.35 V, Itip was seen to be insensitive to the substrate reaction ( Figure 2B ). 56 Note that the bias on the tip has little influence on the substrate UME voltammetric characteristics. This was also confirmed by measuring the voltammetric behavior without the SICM tip present, which were as reported by us earlier. 54 Note that although QRCE2 could, in principle, act as a counter electrode for the substrate reaction (especially when biased negative with respect to QRCE1), the narrow dimensions of the nanopipette means that this is a very resistive path and so the counter current for the substrate reaction flows through QRCE1. These initial experiments demonstrate that the SICM tip is a relatively non-invasive probe of the substrate reaction, but one whose sensitivity depends on the tip bias.
FEM simulations were carried out to rationalize the experimental observation that Itip was most sensitive to the substrate reaction with a positively biased tip. The surface charge on the nanopipette was estimated to be approximately -40 mC m -2 , due to the high solution pH (see Supporting Information, Section S3, Figure S3 ). 57 As summarized in the schematic in Figure 2C , when the tip is positively biased ( Figure 2C , left), OH -ions (the major current carrying ion) are depleted near the end of the tip due to migration towards QRCE2 in the tip, a process that is in competition with the depletion in OH -that occurs in the vicinity of the substrate when the electrochemical reaction is switched on. By contrast, with a negatively biased tip ( Figure 2C , right), OH -ions accumulate near the end of the tip, due to an asymmetry in mass-transport through the tip (slower) and away from the end (faster). This produces a "bottleneck effect", so that the conductance of the tip end (most resistive part of the circuit) is similar whether the substrate reaction is on or off. Consequently, the normalized Itip value is close to unity during the scan of the substrate electrode potential as seen in Figure 2B .
The FEM simulation results presented in the Supporting Information, Figure at different distances from the substrate and to establish the region where the tip is mainly sensitive to the substrate electrode reaction. In addition to the reactive ion fluxes as considered herein, the ionic current in SICM may be sensitive to the electrical double layer at charged substrates. 39, 40, 43 For electrochemical imaging, a large positive bias is applied at the substrate electrode to drive BH4 -electro-oxidation, and therefore, the surface charge will be more positive than when the reaction is off (Vsub = 0 V relative to the bulk QRCE). Based on previous SICM surface charge studies, 39, 40, 43, 58, 59 at positive tip bias, this would be expected to result in an enhanced tip current, whereas the tip current decreases when the substrate reaction is on ( Figure 2A ). The effect of surface charge is further extinguished the greater the tip-substrate separation. 58, 59 In contrast, the change in ionic composition due to the substrate reaction extends over the concentration (diffusion) boundary layer, which is orders of magnitude larger. Thus, one can set a "near interface distance"
for reaction imaging where there is a significant change in ionic strength from the substrate reaction but where the tip is insensitive to surface charge effects. Furthermore, situating the tip a little further from the substrate is also advantageous in minimizing the extent to which mass transport to the substrate is blocked by the tip. 60 To investigate the effect of ds-t on the SICM response, electrochemical and topographical images of an Au UME and surrounding glass sheath were obtained at ds-t values of 11, 26, and 106 nm, with the resulting maps for Vsub2 = 0.9 V (pixel density of 165 pixels m -2 ) shown in Figure 3A , B and C, respectively. The topographical maps are remarkably consistent and highlight an Au electrode that is recessed by about 300 nm compared to the surrounding glass sheath, resulting from the polishing process during UME fabrication/conditioning. In contrast, the activity maps are much more distance-dependent. Notably the activity map obtained at a ds-t of 11 nm ( Figure 3A) shows a much diminished change in normalized Itip between the Au substrate and glass sheath, when compared to the larger ds-t values of 26 nm and even 106 nm ( Figure 3B and C). This could, in part, be due to the tip partly sensing the electrical double layer at such small probe-substrate separations (as discussed above), and/or physical blockage of the reaction flux at the surface by the tip, as is well known in other local probe measurements of electrochemical interfaces. 60, 61 In contrast, when ds-t is relatively large (Figure 3C ), there is a much shallower lateral gradient in Itip between the active electrode and glass insulator compared to ds-t = 26 nm. Consequently, a balance needs to be struck between ds-t being small enough to provide the desired resolution but large enough to avoid the effects seen in Figure 2A . As a result, ds-t was fixed at 26 nm for the experiments discussed further below. Additional simultaneously recorded electrochemical images and topographical obtained at ds-t = 26 nm, with Vsub2 set to be either 0.3 V or 0.6 V (Supporting Information, Figure S6 ), further demonstrate how the proposed SICM approach is sensitive to the reaction rate at the UME substrate, an aspect that we develop next for single NP mapping. nm. There is no interpolation of the data and each of the images contains 1681 pixels.
Single NP mapping. In contrast to Au electrodes, carbon fiber (CF) is an electrocatalytically inert material for BH4 -electro-oxidation 47, 62 (see Supporting Information, Figure S7A ). Itip (Vtip = +0.15V) maps of a CF UME showed no contrast between the carbon and glass surfaces, with uniform values of normalized Itip close to one, in the potential range of interest, as expected for an inert substrate (see Supporting Information, Figure S7B and C). CF was thus a suitable support material to explore electrocatalytically active individual Au NPs and nanostructures. A CF UME with Au nanostrutures was prepared as described in the Methods section. The SEM images in Figure 4A show that Au nanostructures were mostly deposited at the boundary between the CF and the glass sheath of the UME and that the size of the nanostructures varied from 150 nm to 800 nm, with different shapes resulting from the aggregation of small (10 -50 nm) Au clusters.
Comparison of the topographical maps [ Figure 4B and C(i)], obtained as part of the SICM protocol, with the SEM images [ Figure 4A (ii)] show that SICM topographical imaging (pixel density of 2600 pixels m -2 ) provides size information in-situ at a resolution and accuracy that is comparable to electron microscopy for the range of scale of nanostructures studied herein.
Two typical electrochemical activity images with Vsub2 of 0.65 V and 0.9 V are shown in Figure   4B (ii) and C(ii), respectively. These maps are just 1×1.2 m 2 and comprise 3111 pixels. The magnitude of the change in normalized Itip during the electrochemical reaction on the Au nanostructures is much smaller than observed on the Au UME under comparable conditions, evident by comparing the normalized Itip values in Figure 3B and Figure 4C . This is because the mass transport rate to the Au nanostructures is considerably higher than for the Au UME and so there are greater kinetic limitations at the nanostructures at the same driving force. This aspect is further evident from Figure 4B and C, where it can be seen that the larger Au nanostructures It is important to highlight that considerable detail on local nanostructure activity can be obtained due to the high pixel density. Although there is overlap of diffusion between neighboring nanostructures, particularly at higher substrate potential, such that the activity of the large lower nanostructure dominates, it is still possible to pinpoint the active top NP, for example, [part of Figure 4C (ii) shown in Figure 4C (iii)] and its activity quite easily seen at lower substrate driving force [part of Figure 4C (ii) shown in Figure 4B (iii)]. Table S2 ) and, on average, the values derived from the SICM data were only slightly larger than determined by electron microscopy. It is worth highlighting that the spatial resolution achievable by SICM is such that closely spaced adjacent NPs, as shown by Au NPs "8" and "9" as well as "10" and "11" (Figure 5B and C), are readily resolved. by measuring a CV (3 mM NaBH4 in 30 mM NaOH aqueous solution) at the same CF UME with adhered AuNPs (see Supporting Information, Figure S9 ). Although there is a small amount of drift between each image, it is clear that a similar area is scanned at each Vsub2 and that there is good agreement between the topographical and electrochemical activity maps (pixel density was 2600 pixel m -2 ) which pinpoint the NPs in different ways.
Considering the diffusion coefficient of BH4 -(DBH 4 -= 1.6 × 10 -5 cm 2 s -1 ) 50 and that Itip, values are the average of the last 5 ms of a 20 ms Vsub2 pulse, the corresponding diffusion length is ca. 6-
. 63 This is of the order of the diameter of the UME substrate, which as a rule of thumb is a reasonable approximation for the characteristic diffusion-layer thickness under steadystate conditions. On this timescale, the diffusion-limited current at a UME of this size is only about 20 % higher than the true steady-state value. 64 There is thus significant overlap between the concentration boundary layers of neighboring NPs. Nonetheless, contrast between individual AuNPs can still be observed in the activity images, especially those obtained at lower overpotentials, due to the uneven particle distribution over the CF surface (see Figure 4A and 4B).
Toy simulations of arrays of NPs, with varying separation distances (see Supporting Information, Section S8) bear out the expectation: for the same NP reaction kinetics, with arrays of particles that are more bunched (higher NP density), a stronger depletion of ionic reactants occurs, and hence a lower normalized Itip is expected, as is seen in Figure 6 .
It should also be noted that at applied potentials of 0.9 and 0.95 V, the AuNPs annotated as "10"
and "11" ( Figure 5B ) were seen to have a distinctly high apparent electrochemical activity (i.e. low measured normalized Itip) when compared to the other AuNPs ("1-9"). It is unlikely this is simply attributable to their size (see Supporting Information, Section S8), as similarly sized and spaced Au NPs "8" and "9", adjacent to each other did not show such an enhancement of activities.
As the electro-oxidation of BH4 -on Au is surface sensitive, it is possible that surface sites that are more favorable to the reaction are more exposed on particles "10" and "11" (i.e. there is a legitimate difference in electrocatalytic activity). 7, 52 In the future, it could be interesting to further resolve the crystallographic structure/orientation of these surfaces, e.g., using in-situ electrochemical STM, 32 although such measurements are challenging, or ex-situ using selected area electron diffraction of well-defined crystalline NPs. 65 At the lower values of applied Vsub2 ( Figure 6A and B-ii), there is a noticeable ring shape of lower tip current around the NPs than on the NP top surfaces. To understand this prominent effect, Figure 7 . Figure 7A and B present profiles of the total ionic concentration around a NP at slower and faster kinetics, respectively. Analogous to what is seen experimentally (Figure 6 ), there is an increased depletion of the local ion concentration observed as the system switches from low to high driving force, which would be manifested as a decreased normalized Itip as seen experimentally ( Figure 6 ).
Notably, when the kinetics of BH4 -oxidation are slow at the NP ( Figure 7A ), there is more depletion of ionic reactants in the narrow gap between the NP and the surface, compared to the top surface of the NPs, as also seen experimentally at lower potentials (i.e. the ring shapes in the electrochemical activity maps in Figure 6 ). The ring effect is less apparent at higher driving force as depletion around the entire particle becomes more significant ( Figure 7B , D and F), as also seen 26 experimentally ( Figure 6 ). The effect observed around the NP at lower overpotential is a mass transport/geometry effect: the narrow gap between the NP and surface restricts mass transport and so there is more depletion of reactants. These results provide direct visual demonstration supporting previous studies of similar effects proposed for hierarchically structured nanomaterials, [66] [67] [68] and serve to highlight major perspectives on the different overall activity that prevails on different parts of a NP. in the activity around the NP, notably at low k.
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CONCLUSIONS
We have introduced a procedure for electrochemical (reaction) imaging at the nanoscale using a simple single channel SICM tip. Through careful control of the substrate potential-time profile, and continuous recording of the SICM tip current at high frequency during the imaging process, it is possible to map topography and electrochemical activity simultaneously. The small nanopipette probe (30 nm diameter used herein) has enabled high resolution imaging at the sub-particle level, revealing how reactive flux is distributed among groups of NPs depending on the spacing and intrinsic NP activity. An important feature observed in this work, which has not been seen previously, is that the geometry of the nanomaterial with respect to the substrate (for example the narrow gap formed between AuNPs and the CF support compared to the more accessible NP top surface) plays an important role in the distribution of ion fluxes around reactive nanoentities, most noticeable at low overpotentials. These issues have been explored and explained with FEM simulations that support the experimental results.
The studies herein demonstrate SICM as an important technique to study electrochemical activity and ion fluxes, and the correlation of activity to the structure and morphology of nanomaterials. One could envisage future wide applications to study nanomaterials used for rechargeable/renewable energy and in electrochemical sensors, among other applications. The SICM regime described herein is easily implemented and has a number of advantages compared to other SEPMs, not least: (i) a very simple tip fabrication and characterization procedure; (ii) a tip response that is very stable and whose status is checked at each and every pixel (and selfreferenced); and (iii) the possibility of obtaining images on a reasonably fast timescale. 
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